Thin-film sub-5 nm magnetic skyrmions constitute an ultimate scaling alternative for future digital data storage. Skyrmions are robust non-collinear spin-textures that can be moved and manipulated by small electrical currents. We show here an innovative technique to detect isolated nanoskyrmions with a current-perpendicular-to-plane geometry, which has immediate implications for device concepts. We explore the physics behind such a mechanism by studying the atomistic electronic structure of the magnetic quasiparticles. We investigate how the isolated skyrmion local-density-of-states which tunnels into the vacuum, when compared to the ferromagnetic background, is modified by the site-dependent spin-mixing of electronic states with different relative canting angles. Local transport properties are sensitive to this effect, as we report an atomistic conductance anisotropy of up to ∼20% for magnetic skyrmions in Pd/Fe/Ir(111) thin-films. In single skyrmions, engineering this spin-mixing magnetoresistance possibly could be incorporated in future magnetic storage technologies. An illustrative device scaling route is an extension 4 of the racetrack memory 21 to incorporate single 22,23 confined magnetic skyrmions instead of DWs. Such a concept constitutes an ultimate scaling alternative in terms of packing density, speed, and power consumption 4 . We envision a thin-film magnetic heterostructure 24 where sub-5 nm chiral skyrmionic quasiparticles are generated (via materials engineering and external magnetic fields) and moved laterally along a magnetic racetrack by in-plane currents, which has been shown experimentally 11, 12, 25 . The bit-wise data would be encoded by out-of-plane currents which create or annihilate the individual skyrmions, thus setting or resetting the bit-state.
even using non-spin-polarized electric currents. Using Fig. 1a as a schematic illustration, we will show how the tunneling current between a suspended metal contact through vacuum depends on the non-collinear magnetic state-of-phase below. (Suspended metal contacts are possible with state-of-the-art fabrication techniques 32 , but one could also imagine tunneling through a weakly-interacting two-dimensional (2D) insulator, such as hBN or MoS 2 ).
Such a process can be intimately understood in a non-spin-polarized scanning tunneling microscopy (STM) experiment, Fig. 1b . This all-electrical detection is a departure from typical experiments which rely on spin-polarized injection to detect magnetic structures, and thus inherently an improvement from a device application perspective.
We will examine how the tunneling current between a non-magnetic STM tip and surface varies as a function of the skyrmion's local atomic magnetization direction. Considering the skyrmion's central spin-flipped atom, its local magnetic environment is inequivalent from those atoms in the ferromagnetic background. Thus, one could expect already a conductance anisotropy in the center of the skyrmion due to the change in the electronic structure relative to the ferromagnetic state. One purpose of our work here is to investigate this effect. In addition, the heavy-metal substrate induces a large spin-orbit interaction (SOI), coupling the local magnetization to the real-space direction, further modifying the electronic structure as a function of magnetization rotation relative to the substrate plane. This tunneling anisotropic magnetoresistance (TAMR) 33 effect has been studied in detail but typically for homogeneous magnetic domains (either different ferromagnetic domains 33,34 or homogeneous spin-spirals 35 ). We seek to extend this theoretical basis to inhomogeneous spin-textures such as skyrmions. We focus specifically on single skyrmions and do not investigate networks or lattices of skyrmions.
In this Article, we explain the combined (non-collinear and SOI-induced) spin-mixing magnetoresistance in terms of fully self-consistent calculations from first-principles, where
we have direct access to the electronic structure of not just the magnetic heterostructure, but even of the states decaying into the vacuum, which are essential to the tunneling conductance. We find a rather large atomistic conductance anisotropy of up to ∼20% (∼10%)
for magnetic skyrmions in Pd/Fe/Ir (Pd/Pd/Fe/Ir) magnetic thin-films, which potentially could be detected in a CPP-device geometry. Establishing the physics of this generalized tunneling spin-mixing magnetoresistance (TXMR) could possibly inspire the design of future nano-magnetic devices based on such a mechanism.
RESULTS

System and procedure
We study two magnetic thin-film heterostructures similar to transfer (see Supplementary Information S1). We investigate this effect to illuminate conceptual studies where other overlayer combinations and materials are used to engineer the size, shape, and stability of the isolated skyrmions 24,39,40 .
We perform self-consistent density functional theory (DFT) calculations based on a fullpotential Green function formalism including SOI 41,42 , which allows a perfect embedding of real -space defects, such as isolated skyrmions, into the ferromagnetic background system.
Additional specifics of our computational scheme are given in the Methods section.
Non-collinear inhomogeneity in nano-skyrmions
Before coming to the essential physics of the tunneling spin-mixing magnetoresistance (TXMR) effect, we first self-consistently relax different-sized nano-skyrmions in otherwise ferromagnetic backgrounds (see Fig. 2 ), in both single-and double-Pd overlayer material stacks. We control the size of the skyrmionic defects by allowing different finite numbers of atoms to relax their magnetic moments in size and direction after the central atom has been spin-flipped as an initial condition. We investigate four different realistic skyrmion sizes: D Sk ≈ 1.1, 1.7, 2.2, and 2.7 nm in diameter. The spin-textures exhibit a fixed and unique rotational sense as demanded by the DMI, which seeks energy gain by torquing the moments to rotate with respect to their neighbors. These structures are cycloidal and radial in nature as expected for magnetic thin-films. Thus our theoretical calculations are consistent in generating realistic nano-skyrmions which have been experimentally detected using magnetic spin-polarized currents 20, 23 .
We illustrate the spin-moment global rotation vs. the vertical (polar angle θ) of each atom and the pairwise difference between adjacent polar angles (dθ). We will show that the spin-mixing perturbations to the local-density-of-states (LDOS) are a function of these angular parameters because the relative canting between different pairwise atomic sites varies as a function of space, in addition to the absolute canting relative to the substrate.
When analyzing each individual confined structure, we mention that dθ itself is not constant between different pairs of atoms, such that there exists an inhomogeneity on the atomicscale in the rotation of the magnetization direction with respect to the substrate plane.
Furthermore, these inhomogeneities themselves are a function of diameter when comparing skyrmions of different sizes (Fig. 2a,b ,c).
Electronic structure of isolated confined skyrmions
We now move to establish the physics behind the TXMR effect within a scanning tunneling microscopy/spectroscopy (STM or STS) experiment employing a non-spin-polarized tip, for which according to the Tersoff-Hamann model 43 , the differential conductance dI/dV is proportional to the LDOS of the sample, calculated at the tip position, R tip , and the given bias energy E bias : dI dV ∝ LDOS ( R tip ; E bias , {s i }) .
The LDOS depends on the configuration {s i } of atomic spins of the sample (i) relative to each other, e.g. in terms of dθ ij = θ j − θ i for all atom-pairs (i, j), and (ii) relative to the lattice in terms of the absolute polar angle θ i . The transport phenomenon related to the latter is known as the tunneling anisotropic magnetoresistance (TAMR) 33 , an effect related to spin-mixing due to the SOI. The former results from the spin-mixing hybridization of majority-and minority-states due to non-collinearity. Both can be subsumed as tunneling spin-mixing magnetoresistance (TXMR). Common to both is that the probability of tunneling into majority-and minority-states depends on angles. The difference is that (i) is expected to be larger than (ii), since it is not a SOI effect. Also the appearance of both are different. For example, the TXMR due to (i) in a homogeneous magnetic spiral is the same across the spiral, because dθ ij = dθ for all atom-pairs (i, j), but different for spirals of different pitches under the transformation dθ → dθ . In contrast, the TAMR is modulated across the spiral 35 as θ i changes from atom-to-atom. Thus, the TXMR is used to measure conductance differences between two different magnetic states such as the difference between a skyrmion and the FM-state, but can also be used to resolve magnetization inhomogenieties inside complex spin-textures such as skyrmions or domain-walls.
Since the spin-mixing perturbations due to non-collinearity and SOI are magnetic in nature, we show in Fig. 3a S3 for the double-Pd cases). We note that the majority and minority spin-channels are given in the local spin-frame of reference for each Fe-atom. The color-coding of the plot, which corresponds to different atoms extending radially from the skyrmion's center, is explained in Fig. 3c . The energy-zero is the Fermi energy, E F = 0. The energy-dependent disturbance to the LDOS resonance-peaks as a function of position moving radially along the skyrmion will manifest as a perturbation to the local electrical conductivity, and is the physical basis for the space-dependent TXMR effect.
All-electrical skyrmion detection
We now define the TXMR and make predictions for future experimental observation of the effect. The TXMR is the percent deviation of the local conductance from a reference conductance due to the spin-mixing from non-collinearity and SOI. As long as the magnetic state under consideration has a different non-collinearity than the reference state, there will be a TXMR. If one is interested in the spatial resolution of a complex spin texture (ignoring SOI), however, then an additional inhomogeneity within the non-collinearity is required, as is the case for nano-skyrmions.
The TXMR is by definition measured in vacuum. Here, we choose the reference to be somewhere far from the skyrmion in the FM-background. Then the normalized TXMR measured at site r is
where LDOS vac FM is the LDOS in the vacuum just above the FM, and LDOS vac {S} (r) is the LDOS of the complex spin-texture in the vacuum just above site r.
Integrating the TXMR over the entire device injection boundary, over all energies up to the bias energy eV bias , would give a measure of the total change in conductance, and would be the state-of-bit detection mechanism in a CPP-TXMR device like discussed in Fig. 1a .
In an STS experiment, however, the effect could be amplified by selecting specific energy windows where the TXMR were largest as a function of position.
In Fig. 4a ,b we show the energy-resolved TXMR of the D Sk ≈ 1.7 nm skyrmion's central spin-flipped vacuum-site, with and without SOI, for the single-and double-Pd cases. We notice a sizeable TXMR effect for both systems. This holds true for all skyrmions that we studied, noting a small size-dependence of the effect which varies weakly as a function of
TXMR signals in the different single-Pd and double-Pd material systems vary from skyrmion-to-skyrmion, however. Since the SOI arises from the Fe-Ir interface, the impact of SOI is much more pronounced in the single-Pd system (Fig. 4a) , where the TXMR can peak out at an impressive ∼40% when ignoring spin-orbit coupling, but decreases down to ∼ 20% when SOI is included. Interestingly, the spin-mixing due to SOI is to compete with the effects due to inhomogeneous non-collinearity, reducing the overall TXMR signal. In the double-Pd system, most of the TXMR signal is due to inhomogeneous non-collinearity, with a small contribution coming from the SOI (Fig. 4b ).
In Fig. 4c,d we plot the spacial variation of the TXMR signal, which differs significantly from atom-to-atom within the same skyrmion. We see that the TXMR effect is reduced when approaching the edge of the skyrmion (Fig. 4c,d blue curves), since the effective noncollinearity is reduced as the complex spin-texture fades into the ferromagnetic background.
The vacuum-resonance we found in Fig. 3b appears now as a large TXMR signal at the same energy in the Pd/Fe/Ir(111) system (Fig. 4a,c) . Thus, an experimentalist probing the 
DISCUSSION
We have studied realistic-and experimentally-observable confined nano-skyrmions within metallic thin-films of Pd/Fe/Ir(111) and Pd/Pd/Fe/Ir(111) completely from first-principles.
We established how the combined effects of local inhomogeneous magnetic non-collinearity and SOI in nano-skyrmions can alter the atomistic electronic structure in a magnetically active Fe-film, and, via hybridization with additional surface layers, the electrons which tunnel into the vacuum.
The change in the LDOS can be understood in terms of the rotation parameters of the magnetic moment of the considered atom. The largest spin-mixing contribution comes from non-collinearity and depends on the relative canting between magnetic moments on neighboring sites, dθ. The dependence on the absolute polar angle of the magnetic moment with respect to the substrate, θ, comes in as a second-order term to the change in the LDOS, but can become important if the impact of the SOI is large.
Finally, we have shown in detail how such a physical interplay could induce a sizeable electrical conduction anisotropy as a function of position and energy in realistic nano-skyrmions, up to ∼20% in the single-Pd case. The manifestation of this TXMR effect could possibly be exploited in an all-electrical tunneling spectroscopy experiment.
In addition, the changes in the magnetoresistance on the nanometer scale of skyrmions can possibly be engineered to design advanced magnetic memory devices. Typical memory circuits require at least one control device (either transistor or diode) in each memory cell.
Instead, technologies based on spin-mixing in single skyrmions could have potentially hundreds of bits stored in nanometer-sized magnetic racetracks needing only a single read-out element to detect the contents of each array (see Supplementary Information S7).
METHODS
The electronic structure was determined employing density functional theory (DFT) in the local spin density approximation 44 . Calculations were executed by means of the screened Korringa-Kohn-Rostoker full-potential scalar-relativistic Green function method 41,42 , where spin-orbit coupling was included self-consistently. A full-potential method is important to accurately describe the nature of the complex spin-texture and rapidly-decaying vacuum states of the tunneling electrons.
For the calculations we chose an angular momentum cutoff of l max = 3 for the orbital expansions of the Green functions. The energy contour for numeric integration of the spin and charge density contained 40 grid points in the upper complex plane (including 7 Matsubara poles) with a Brillouin zone mesh of 30×30 k-points. The FM-slab LDOS and skyrmion impurity cluster LDOS were obtained by one-shot calculations using the FM-state or skyrmion-state as starting points, respectively. We found that increasing the k-mesh to 200×200 was sufficiently adequate to numerically stabilize the relevant observables.
The magnetic thin-film slab configurations follow, where positive percentages refer to inward relaxation with respect to the Ir(111) interlayer separation. We consider only fccstacking in all cases, which is in fact energetically favorable compared to hcp crystal growth 39 . We choose 34 Ir layers since it was the minimum thickness by which we completely decoupled any wave function penetration from top-to-bottom surface. We obtained the relaxation parameters as optimized and reported by Dupé et al 39 .
To stabilize skyrmions after determining the 2D-FM slabs, the slab Green functions were harvested and a single spin-flipped Fe-atom was embedded in the FM-background. We then allowed three-layer cylindrical ring-like stacks of atoms within the skyrmion impurity cluster to update their potentials and magnetic moments (Fe-layer + 1 Pd-layer above and 1 Ir-layer below). The effect of the FM-background was included self-consistently by the slab Green function (G 0 ), which connects the skyrmion impurity cluster (G imp ) to the host via the Dyson-like equation: curve). In the smaller skyrmion, the quasi-merged resonance still shows two separate peaks, while in the larger skyrmion there is only a single, broad resonance peak. Thus we expect a difference in the TXMR signal in the larger skrymion compared to the D Sk ≈ 1.7 nm case.
In general, there will be a weak size dependence of the spin-mixing signal, which should slowly decay as the diameter of the skyrmion is increased. In addition, from Fig. S1b we can see that the vacuum resonance near 0.5 eV in the smaller defect (Fig. 3b, solid curves) survives in the larger skyrmion (Fig. S1b, solid curves) , and the TXMR remains detectible, as seen in Fig. S6a .
To complete our analysis of the LDOS shown in Fig. S1 , we mention that with regards to magnifying the strength of the TXMR effect, we need not restrict ourselves only to the energy window near 0.5 eV, but also look for other energy windows where a large change in the LDOS is observed as a function of position. We see this in the majority-states near −1.0 eV (Fig. S1a, dashed-curves) , where the spin-mixing effect is perhaps even stronger than the 0.5 eV window composed of minority-states. Indeed, the TXMR signal is shown to be large for negative bias energies near −1.0 eV in this system (see Figs. 4a,c and S6a).
S3 -LDOS of skyrmions in the double-Pd systems
In Fig. S2 , we plot the LDOS in a confined nano-skyrmion in Pd/Pd/Fe/Ir (111) (Fig. S2b, solid curves) . The character of the hybrid Pd-d z 2 surface-state leads to a flat region in the vacuum-LDOS at positive energies. We then expect here a smaller TXMR signal in comparison to the single Pd-system for positive bias voltages. Therefore, in the double-Pd system, we suggest probing negative bias energies near −0.8 eV, where the spin-mixing effect is more significant, as exemplified in Fig. 4b,d .
In Fig. S3 , we plot the LDOS for a larger skyrmion, D Sk ≈ 2.2 nm, in Pd/Pd/Fe/Ir(111).
We use a similar labeling convention when decomposing the LDOS. Interestingly, the dresonances are broader (Fig. S3a, solid curves) than for the smaller skyrmion (Fig. S2a, solid curves). In the center of the skyrmion, only one broad d-resonance is observed ( tunneling spin-mixing magnetoresistance (TXMR) will be found. Due to the relevant energy of detection, one can distinguish skyrmions of different sizes, and discriminate between skyrmions in Pd-films of different thicknesses. Finally, and perhaps most importantly, the spatial-variation of the spin-mixing signal means that the internal atomic structure of each individual skyrmion can be resolved. This means the TXMR can be used to visualize the size, shape, and structure of individaul defects. In devices based on spin-mixing, this also means that skyrmions can be used as nano-scopic information carriers, where the TXMR would be used to read the magnetic state-of-bit.
S4 -Angular dependence of the local-density-of-states in nano-skyrmions
We now analytically derive the change in the LDOS at site r, denoted ∆LDOS(r), inside an axially symmetric skyrmion measured from the origin at r = 0 as a function of energy and magnetization rotation direction defined by the unit vector of the magnetic moment s(r) = sin θ(r) cos φ(r), sin θ(r) sin φ(r), cos θ(r) . Examples of rotation parameters θ and dθ for given skyrmion magnetic moments can be found in Fig. S5d . When compared to the ferromagnetic state (with all moments pointing out-of-plane), there are two contributions to ∆LDOS(r), one due to spin-orbit interaction (SOI) and one due to non-collinearity (NC):
∆LDOS(r) = ∆LDOS SOI (r) + ∆LDOS N C (r). The contribution from SOI, the so-called anisotropic magnetoresistance, is well known S5−S7 :
where A(r, E) is a coefficient depending on the site r and energy E, andŝ z (r) is the zcomponent of the spin-moment at site r. Thus upon including SOI, we expect, for example, a sin 2 θ(r) dependence, which contributes to ∆LDOS(r) in second-order.
The contribution from NC, intuitively, comes from the change in the electronic structure upon rotation of the magnetic moments at consecutive sites (i, j). For homogeneous magnetic spirals, a constant deviation in the LDOS from the ferromagnetic (FM) state will be observed for each atom in the spiral (ignoring SOI). In such a spiral, the smooth rotation of moments θ(i) → θ(j) = θ(i) + dθ for each atom pair is a symmetry operation commuting with a Hamiltonian having translational invariance, making each atom equivalent, and the electronic structure the same for each atom in the spiral. However, upon transforming the spiral's pitch dθ → dθ , one would find a different constant deviation of the electronic structure from the FM-state, such that spirals of different pitch can be identified by their different magnitudes in ∆LDOS N C .
In skyrmions, however, the rotation of the magnetic moments is not homogeneous, i.e.
dθ is not constant for all atom pairs. Thus there will be a site-dependent deviation in the LDOS among the atoms inside a skyrmion with respect to each other. In what follows, we demonstrate that these deviations are a complex function of the rotation angles, which will depend on the details of the electronic structure, the energy probed, and even the size of the skyrmions.
To derive ∆LDOS N C (r), we utilize multiple scattering theory: G is the Green function describing the whole system upon rotation of the magnetic moments, and g is the Green function describing the initial FM-state. The Green function will be used to evaluate the change in the LDOS induced by the rotation of the magnetic moments:
as given in a matrix notation where a trace over orbital and spin angular momenta has to be performed. G can be evaluated via the Dyson equation connecting the non-collinear state to the ferromagnetic one:
where ∆V describes the change of the potential upon rotation of the magnetic moments. It can be expressed as:
where σ is the vector of Pauli matrices, and V diff is the difference of the two spin components of the ferromagnetic potential (
We execute a similar expansion for the ferromagnetic initial Green function matrix g:
where 1 2 is the 2 × 2 identity matrix.
Let us evaluate the first-order and second-order terms contributing to the Dyson Equ. 5:
where i and j are sites surrounding site r, or can be the site r itself. Since the trace over spin has to be performed, we will focus only on the terms that in the end will contribute to Equ. 4. We use a pair of useful properties of the Pauli matrices:
and
where i is the imaginary unit. After simplifying, we find the following result:
where the coefficient B is given by
In other words, the first sum in Equ. 8 leads to a behavior like (1 − cos θ i ).
The second-order term is given by
where the coefficient C is related to the Green functions and V diff by:
Thus we obtain a dependence on the dot product of the unit vectors of the magnetic moments (1 − cos dθ cos dφ) and a contribution depending only on the z-components of the unit vectors of the magnetic moments.
We have thus demonstrated that due to NC, the dependence of the change in the LDOS with respect to the ferromagnetic state upon rotation of the magnetic moments is not trivial, and will have terms depending on the dot product between magnetic moments, contrary to the contribution coming from SOI. The non-collinear contribution is then
where {s} is the spin configuration. Of course, depending on the details of the electronic structure and strength of perturbation related to the non-collinearity, higher-order terms can be important and have to be included in Equ. 15.
Combining ∆LDOS N C and ∆LDOS SOI , in the next section we will fit the change in the LDOS in terms of trigonometrical functions that depend on the rotation angles of the magnetic moments. We will apply these fits to our ab initio results as well as to an extended Alexander-Anderson model used to interpret the variation of the LDOS resonance-splitting upon rotation of the magnetic moments on neighboring sites. the LDOS has already been discussed by others, we focus here on the impact of NC on the LDOS. We study the ∆LDOS as we vary dθ = θ 1 − θ 2 between the two atoms. We restrict the hopping from atom-to-atom to non-spin-flip processes, characterized by the interaction parameter V hop .
In terms of Green functions, the following equation gives the LDOS for site 1:
where Γ takes care of the broadening of the states. Instead of solving exactly the previous equation, one could also use perturbation theory, as described in the previous section S4, simplifying Equ. 15 to:
where
The energy of the resonant d-states, their width, and splittings come from our firstprinciples calculations, e.g. Fig. S1a (atom Fe-3, navy curve). To obtain the proper splitting we choose a hopping parameter V hop ≈ 300-400 meV. We show the resulting LDOS in Fig. S4 for five different rotation angles dθ. There we reproduce the splitting of the resonance-peaks that we have seen in our first-principles calculations, where d-d hybridization is important, as seen in e.g. Upon rotation, the atoms eventually become antiferromagnetically coupled (black curve). The change in the LDOS can be qualitatively estimated with a cos(dθ) fitting parameter.
near 0.5 eV and 1.25 eV, respectively (Fig. S4, green curve) . The splitting is then given by 2V hop . If the magnetic state is antiferromagnetic (dθ = 180°), there is repulsion between the minority and majority spin-states leading to a shift given by 2 is extremely large, thus the shift is not observed in Fig. S4 . It is interesting to see how the splitting between the resonance-peaks decreases upon rotation of the magnetic moments until they merge to a single resonance in the antiferromagnetic case (Fig. S4, black curve) . This is in accordance with the behavior of the LDOS calculated from first-principles for different sized skyrmions in the two systems Pd/Fe/Ir (Figs. 3a and S1a) and Pd/Pd/Fe/Ir (Figs. S2a and S3a).
Next, we wish to estimate the change in the LDOS as a function of rotation as previously discussed, which leads to the TXMR signal. In Fig. S5 we plot the change in LDOS compared against the background-FM for the model along with our ab initio results in Pd/Pd/Fe/Ir for skyrmions 1.7 nm and 2.2 nm in diameter, respectively. In addition we show fitted functions against θ and dθ. Interestingly, a good fit to the change in LDOS shown in Fig. S5a,b is found by considering 
S6 -TXMR in larger 2.2 nm skyrmions
Next we plot the TXMR signal spacially-resolved for the 2.2 nm skyrmions in both systems. The spin-mixing signals retain the same general features and shapes as in the smaller defects ( Fig. 4c,d ). The important peak near 0.5 eV in the Pd/Fe/Ir case remains (Fig. S6a) , along with another strong peak near −1.0 eV. In the case of Pd/Pd/Fe/Ir (Fig. S6b) , the TXMR has the strongest signal near −0.8 eV, as before. Therefore one could infer from 
S7 -Skyrmion racetracks for dense magnetic memories
Spin-transfer torque magnetic random access memory (STT-MRAM) circuits reliably read-out bit-states depending on a tunneling magnetoresistance anisotropy of ∼30-50% in some structures S9 , with a hope to achieve a magnetoresistance ratio R ON /R OFF ≈ 200% by 2022 S10 . A TXMR effect as large as ∼20% as we have shown in this work should be enough to provide adequate read-margin for scaled technologies, and is larger than the < 2% change in resistance found in widespread commercially-used hard disk read heads based on anisotropic magnetoresistance alone S11 . Smaller changes in magnetoresistance just means there should be a more sensitive read-out circuit. Typically this means a few extra controland boost-transistors and does not substantially increase the footprint of the memory, i.e.
incorporating more sensitive read hardware does not degrade packing density considerably.
In potential skyrmion-based devices using CPP-TXMR, a R ON /R OFF ≈ 120% could feasably be well-worth the tradeoff when considering the possible performance gains with regards to: (1) potentially very low power dissipation due to small currents needed to manipulate the magnetic textures; (2) fast speed operation due to reduced read/write latencies associated with nano-scopic size; and (3) large increases in packing density. Let's consider points (2) and (3) in greater detail.
One issue with racetrack memories is that they are not random access. In a random access memory (RAM), any read/write operation can access any bit with roughly the same access time since the word and bit access lines (WL and BL), which are connected to the set/reset elements and read elements, are also connected in parallel with the individual memory cells (see Fig. S7a ). In a racetrack memory, the situation is different. In practice, if a read/write were requested for an address whose representative bit were at the end of the racetrack, there would be additional latency associated with moving subsequent magnetic domains out the way until the requested bit were under the read or write device (see Fig. S7b 
a small number compared to the total access time needed to complete the read or write operation, which in modern dynamic RAM (DRAM) is in the range 20-50 ns S13 . We do note, however, that larger in-plane currents will be required to accelerate the quasiparticles up to a velocity such as v Sk = 100 m/s, meaning there will be a tradeoff between t delay and power consumption.
Regardless, by incorporating skrymion racetracks based on spin-mixing, there seems to be at first glance negligible additional acquired access latency -in fact, we may learn to find in the end that racetracks can be potentially faster than traditional RAM in certain geometries and biasing conditions, due to the nano-scopic size of the skyrmion quasiparticles.
With regards to circuit layouts, it is clear that moving to racetracks will provide large gains in packing density. As an example, let's compare the workhouse 1-transistor 1-capacitor (1-T 1-C) DRAM unit to our racetrack-based spin-mixing magneto-memory. Considering the lithographical node generation, or minimum feature size, f , DRAM memory minimum packing requirements for a single bit's footprint in the ideal case goes as surface area SA DRAM ≈ 4f 2 per bit (Fig. S7a) . The current technology node for DRAM in 2015 is given as f DRAM ≈ 22 nm by the International Technology Roadmap for Semiconductors (ITRS) S10 . In a skyrmion racetrack, the potential effective per-bit SA could be reduced to possibly SA RT ≈ f 2 RT per bit, where f RT is the diameter of magnetic quasiparticles in the racetrack (Fig. S7b) . In our study thus far we considered realistic skyrmions of order D Sk ≈ 
Even including more intricate sense amplifiers for read/write operations in skyrmion racetracks, a conservative estimate gives the increase in packing density around 10×, with an upper limit around 500× if incorporating ultimately-scaled sub-5 nm nanoskyrmions and common fabrication techniques.
